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ABSTRACT

Microarray hybridization studies have attributed
the nonlinearity of hybridization isotherms to probe
saturation and post-hybridization washing. Both
processes are thought to distort ‘true’ target abun-
dance because immobilized probes are saturated
with excess target and stringent washing removes
loosely bound targets. Yet the paucity of studies
aimed at understanding hybridization and dissocia-
tion makes it difficult to align physicochemical theory
to microarray results. To fill the void, we first
examined hybridization isotherms generated on dif-
ferent microarray platforms using a ribosomal RNA
target and then investigated hybridization signals at
equilibrium and after stringent wash. Hybridization
signal at equilibrium was achieved by treating
the microarray with isopropanol, which prevents
nucleic acids from dissolving into solution. Our
results suggest that (i) the shape of hybridization
isotherms varied by microarray platform with some
being hyperbolic or linear, and others following
a power-law; (ii) at equilibrium, fluorescent signal
of different probes hybridized to the same target
were not similar even with excess of target and
(iii) the amount of target removed by stringent
washing depended upon the hybridization time, the
probe sequence and the presence/absence of
nonspecific targets. Possible physicochemical inter-
pretations of the results and future studies are
discussed.

INTRODUCTION

Oligonucleotide microarrays have been widely used to
determine the relative abundance of transcripts in gene
expression studies (1,2) and the composition of rRNA
targets in microbial populations (3). The advantage of
microarrays over other technologies, such as those based
on PCR amplification, is that microarrays allow the simul-
taneous detection of multiple targets within the same
sample (4,5). This high throughput is due to hundreds
of thousands of different immobilized oligonucleotide
probes; each one acting as an individual sensor with its
own specificity and sensitivity to different nucleic acid
targets in solution (6). Interpreting probe signal is problem-
atic, however, because the underlying physicochemistry
of microarray target hybridization and dissociation has
not been adequately established (7) and few studies have
successfully linked experimental results to physicochemical
models. Systematic studies aimed at thoroughly under-
standing the behavior of targets hybridized to probes
would significantly improve the interpretation of signals
from oligonucleotide microarrays.

One area of discrepancy is the lack of agreement of
physicochemical theory to experimental results for
probe-target saturation (8). At low target abundance,
the signal intensity of an immobilized probe is linearly
proportional to the concentration of complementary
targets. But, at moderate to high target abundance,
signal intensity is nonlinearly proportional to the concen-
tration of complementary targets in solution because it is
thought that there are few binding sites available for
targets due to probe saturation. In other words, a
doubling of a highly abundant target does not result
in a similar increase (i.e. a doubling) of fluorescent
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signal intensity. With infinite amount of target, the fluo-
rescent signal should approach a maximum value (i.e., a
horizontal asymptote). The relationship between the
target abundance and signal intensity is commonly
referred to as a ‘hybridization isotherm’ and it is
thought to follow Langmuir’s adsorption model (9)
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where [PT] is the surface concentration of probe—target
duplexes; P, is the surface concentration of probes
before binding; 6 is the fraction of target-occupied
probes; [T] is the free target concentration in solution; K
is the equilibrium constant, i.e. [P][T]/[PT], with [P] being
the surface concentration of unoccupied probes and b is
the background intensity. According to this model, at
infinite target abundance [7], all probes should saturate
to the same level [i.e. in Equation (1), & — 1, regardless of
K]. However, experimental evidence suggests otherwise—
some probes saturate with target at lower than expected
signal intensities [e.g. see Figure 1in (10)]. Burden ef al. (8)
and Held ez al. (11) reasoned that this discrepancy was due
to the dissociation of target molecules during stringent
wash. But, with exception to Skvortsov er al. (10), no
microarray experiments have been conducted to
thoroughly test this hypothesis. In addition, most of the
current understanding of microarray hybridization and
dissociation is based on physicochemical studies that
used the Affymetrix datasets (9,11-15). The analysis of
other microarray platforms would substantially broaden
our understanding of microarray hybridization and disso-
ciation in general.

A compelling model explaining the variation in probe
hybridization isotherms has been proposed by Skvortsov
et al. (10). The model is based on the idea that there is
competitive hybridization among different targets for the
same probe and that nontargets (i.e. targets that are not
complementary to a probe) partially inhibit target hybrid-
ization due to steric hindrances. The notion that sufficient
hybridization time is needed to achieve equilibrium
distinguishes the Skvortsov er al. model from the rest
(e.g. 9,14-18). Hybridization time therefore plays a key
role in explaining the discrepancies among probe hybrid-
ization isotherms. For example, when a microarray is
hybridized for a short period of time, the following is
taking place: (i) equilibrium is not attained for all
probe—target duplexes; as a consequence, (ii) there is a
population of bound targets, a population of loosely
bound targets and a population of loosely bound
nontargets. The population of loosely bound targets
cannot completely bind to complementary probes due to
the nontargets sterically inhibiting their binding.
Therefore, the loosely bound targets are removed from
the microarray by the stringent wash along with the
nontarget sequences, resulting in lower than expected
probe signal intensities. In contrast, when a microarray
is hybridized for an extended period of time: (i) equilib-
rium is achieved for all probe—target duplexes; and as a
consequence, (i) only nontargets are removed by the strin-
gent wash, resulting in probe signal that is proportional to
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the specific targets in solution. Hence, the Skvortsov et al.
(10) model suggests that it is the removal of loosely bound
targets by the stringent wash that contributes to the
observed variation in probe saturation. Furthermore,
the variation in probe hybridization isotherms in the
Affymetrix data sets is a result of insufficient hybridization
time and the presence of nontarget sequences, which
hindered the hybridization of specific targets.

While the Skvortsov et al. (10) study provided substan-
tially new insights into the discrepancy between
physicochemistry theory and experimental microarray
results, initial probe signals were recorded after a low
stringency wash and therefore do not reflect signal at equi-
librium. In this study, probe signal at equilibrium was
recorded after a microarray was hybridized for 4h or
24h and then treated with isopropanol (i.e. no stringent
wash). In pure isopropanol, nucleic acids targets are not
soluble; therefore, targets cannot dissolve into the solution
phase. Hence, the purpose of an isopropanol treatment
is to mechanically remove the hybridization solution.
All targets that were bound to the microarray probes
will presumably remain bound; therefore, the isopropanol
treatment reveals a ‘snapshot’ of signal intensities attained
at equilibrium. The probe signal, obtained at equilibrium,
offers a baseline for thoroughly examining the effects of
wash stringency on microarray probe signal. Our results
will show that even a low stringent wash can significantly
affect probe signal, resulting in signals that are lower
than expected.

Preliminary experiments in our laboratory suggested
that hybridization signals on two microarray platforms
(Erie Scientific and VWR) were different using the same
probes and target. The objectives of this study were there-
fore two-fold: (i) to compare the hybridization isotherms
of nucleic acid targets hybridized to the same probes on
the different microarray platforms for the purpose of
determining the shape and slopes (K) of the isotherms,
and (ii) to determine the effects of stringent wash on
probe signal by establishing a baseline of ‘true’ probe
signals at equilibrium. Given that the K of a hybridization
isotherm represents the probe—target binding affinity,
we also investigated the feasibility of developing a
microarray-based nearest-neighbor (NN) model to
predict probe—target signal based on nucleic acid
sequence.

It should be noted that in contrast to previous studies,
this study uses scanner calibration to account for the
nonlinear response of scanners in order to obtain true
surface concentrations of the probe—target duplexes.

MATERIALS AND METHODS
Ribosomal RINA target

The following primers and annealing temperatures were
used to amplify 28S rRNA of Cyprinodon variegates:
5-CTGGTTGATCCTGCCAGT-3 (forward) and
5-CYGCAGGTTCACCTACRG-3" (reverse), 63.1 to
66.0C. The PCR products were purified using a
Promega Wizard SV Gel and PCR Clean-Up System,
and ligated into pGEM-T Easy vector (Invitrogen



PAGE3 0F 16 Nucleic Acids Research, 2010, Vol. 38, No.5 e28

180 7 140 7 120 1
160 SPotConc=16.25 uM Spot Conc = 6.25 uM Spot Conc = 6.25 uM
b=-8.4 1204 b=-6.7 100 - pot Conc = 6.25 p
1 k=242 K=27.7 b=-50.9
140 P0=162.7
R?=0.98 1004 R?=0.94 T
120 4 804 K=0.94
R?=0.97
100 - 80 1
60 1
80 1 60 4
60 1 40 1
40 -
40 4
20 1
20 1 Q 20
0 O T » 0 0 T Y T 1
0 1 10 0 1 10 0 1 10
250 1 140 1 120 1
Spot Conc = 12.5 yM Spot Conc = 12.5 yM Spot Conc = 12.5 yM
b=-5.1 1204 b=-63 1004 b=23.0
200191 K=31.3 K=27.0 Po=149.4
R?=0.94 1004 R?=0.98 K =0.52
801 R2=0.97
150 80 -
60
~ 100 601
= 40 1
40 1
\3 50
o 20 201
)
<
8— 0 T v 0 + O T ]
o 0 1 10 0 1 10 0 1 10
= 3001 200 7 140 1
: Spot Conc = 25.0 uM 180 1 Sgot Conc = 25.0 yM Spot Conc = 25.0 yM
2 550 2785 b=-13.1 120 { b=-33.1
@ K=37.5 1604 Kk=43.7 P0=200.4
g R2=0.99 1404 R?=0.99 1004 K =0.49
_E, 200 1 R2=0.97
5 120 80 -
@ 150 1 100 1
9 60 -
S 80 1
= 100 1
(e 60 1 40
40 -
50 1 20 -
20 1
0 Q. 7 . 0 » 0 "
0 1 10 O 1 10 0 1 10
450 7 200 1 160 7
4004 Spot Conc = 50.0 uM 1804 Spot Conc = 50.0 uyM 140 Spot Conc = 50.0 um
b=-20.6 160 b=-11.3 b=-16.8
350 1 K2=51.4 K2=44.6 1201 Po=230.6
3004 R?=0.98 1404 R?=0.98 K=0.31
120 - 1004 R?=0.99
250
100 80 4
200 1 50
1 60
150 A
60 1
100 1 40 40 1
50 20 1 20 1
0 O J0) T 1 0 T .
0 1 10 0 1 10 0 1 10

Target concentration (nM)

Figure 1. Hybridization isotherms obtained on two different microarray platforms for rRNA target and Probe 596. Left and middle panels represent
replicated Erie microarrays while the right panels represent VWR microarrays. Different rows represent distinct spotted probe concentrations. Each
data point is the mean of at least six replicated spots. Error is measured as standard deviation. Isotherms from Erie microarrays are linear (but
plotted on a log scale) while VWR microarrays followed the Langmuir model.
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Corporation, USA). The ligation products were ethanol
precipitated and transformed into ElectroMAX DHI10B
T1 Phage Resistant Cells (Invitrogen Corporation, USA)
using a MicroPulser Electroporation Apparatus (Bio-Rad
Laboratories, USA). Cells were plated and single colonies
picked for further enrichment. Plasmid DNA was isolated
using a Wizard Plus SV Minipreps DNA Purification
System (Promega Corporation, USA) and sequenced
using M13 forward and reverse primers on a CEQ8000
Genetic Analysis System (Beckman Coulter, Inc., USA).
The colonies yielded identical sequences and only one
colony was chosen for further studies. This colony was
sequenced with multiple overlapping primers and a
full-length sequence (1919nt) was submitted to NCBI
under accession number EF431912.

Prior to in vitro RNA synthesis, a plasmid containing
the 18S rRNA insert was restricted with Sal [
endonuclease (New England Biolabs, USA) in the follow-
ing reaction mixture: plasmid (340 ng/ul) 25 ul, Sal I (20
units/ul) 10 pl, NEBuffer 3 (10x ) 5 pl, BSA (100x ) 0.5 pl,
H,0 9.5 pl. The reaction mix was incubated at 37 C for
8h. After the reaction, DNA was extracted with phenol
and precipitated with ethanol. RNA was in vitro
synthesized by using a RiboMAX Large Scale RNA
Production System T7 (Promega Corporation, USA).
The linearized plasmid was used as the template. The
quality of the RNA product was assessed using a
Bioanalyzer (Agilent Technologies, Inc., USA). The
RNA product was then labeled with AlexaFluor 546
using a ULYSIS Nucleic Acids Labeling kit (Invitrogen
Corporation, USA). The only deviation from the manu-
facturer’s protocol was that the concentration of the dye
was doubled to increase the amount of labeling.
Unincorporated dye was removed by using Micro
Bio-Spin 30 RNase-free columns (Bio-Rad Laboratories,
USA).

In experiments examining the effects of nonspecific
binding, nontarget sequences (unlabeled Escherichia coli
tRNA, 74-95 nt; Sigma) were added at equimolar concen-
trations to the rRINA target.

Oligonucleotide probes design

Oligonucleotide probes for the microarrays were comple-
mentary to their corresponding target. The probes (20 nt)
were generated in silico by tiling along the targets using a
one base-pair shift. The actual number of oligonucleotides
produced and the number of replicates for each probe
were determined by the amount of available space on
the microarrays.

Fabrication of the microarrays

The microarrays consisted of epoxysilane slides and were
produced by two different companies: VWR (USA) and
Erie Scientific Company (Portsmouth, NH). Spotting of
the probes was accomplished using VersArray ChipWriter
Compact System (Bio-Rad Laboratories, USA).
Oligonucleotide probes were modified at 5 with
Amine-C6 group (Invitrogen Corporation, USA).
Oligonucleotide stock solutions (200 uM) were mixed
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with water and Micro Spotting Solution Plus 2 x (VWR,
USA) to achieve various dilutions of the probes.

Information on the custom-designed CombiMatrix and
NimbleGen microarrays that was used to back up results
of this study is found in Supplementary Data.

Hybridization conditions and washing

The hybridization buffer (7 x PBS, BSA 0.2 mg/ml, 0.01%
Tween) and 25% v/v of diluted target was hybridized
to the microarray at 42°C for 4 or 24h depending on
the requirements of the experiment. Pre-hybridization,
hybridization and all washing steps were performed in
a-Hyb hybridization station (Miltenyi Biotec, Inc.,
USA). Printed microarray slides were pre-hybridized
with BlockIt (TeleChem, USA) blocking buffer for 1h at
25°C, and then washed five times with 0.1% sodium
sarkosylate at 25°C for 2min and finally five times with
H,O at 25°C for 2min. Purified labeled RNA was
prepared at various dilutions in 7 x PBS buffer with the
addition of BSA at a final concentration of 0.2 mg/ml. The
hybridization was conducted at 45°C for 4h or 24h
(depending on the experiment). Unless otherwise specified,
the slides were then washed by 2 x SSC with 0.1% SDS,
two times (2min each) with a final wash of 0.2 x SSC
(1 min). For the isopropanol experiments, the slides were
first washed with isopropanol (1 min), and an image of the
microarray was recorded.

Microarray image acquisition and processing

The VersArray ChipReader 10pm System scanner
(Bio-Rad Laboratories, USA) was calibrated using a
microarray scanner calibration slide from Full Moon
Biosystems, and optimal PMT settings were chosen for
scanning Erie and VWR microarrays. Images were
stored as 16-bit TIFF files and processed using ImaGene
software (BioDiscovery, Inc., USA). Local background of
each spot was not subtracted.

Data analysis

An explicit calibration of the array scanner was performed
because there is a nonlinear response between measured
signal intensity and the abundance of labeled molecules in
a microarray spot (i.e. fluorophore density) (19). Raw
signal intensities were converted to actual fluorophore
densities using the calibration curve generated with the
Full Moon BioSystems calibration slide (Sunnyvale, CA)
fitted to a straight line using a weighted regression.

Hybridization isotherms were fitted to linear, or
Langmuir model, depending on the shape of the iso-
therms. The slope of the line for each probe was consid-
ered as the equilibrium binding constant, K. Energy
predictions based on the existing parameters were
conducted using mfold (http://dinamelt.bioinfo.rpi.
edu/twostate.php).

A system of equations was used to examine the relation-
ship between K and nearest-neighbor (NN) counts of
probes and the relationship between fluorescent densities
and NN counts at fixed probe concentrations. In matrix
form, the system can be re-written as N+ X = S where N is
the matrix of the NN counts arranged as column-vectors
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(design matrix); X is the sought vector of the weights and
S is the vector of fluorescent densities that corresponds to
the NN counts to be solved. This system can be solved
analytically by a common method X = (NT-N)"1.NT-.S
(20). To assess the goodness of fit, one will calculate the R?
of the numeric solution, which is the squared correlation
coefficient between NX and S vectors, where X was deter-
mined as a solution of the system. Diagonal elements of
the scaled covariance matrix are in fact variances (squared
standard deviations) of each solution in the vector X.
Therefore, these diagonal elements can be used as a
measure of an error associated with each solution.
Values in the covariance matrix as well as solution are
only meaningful if there is a good correlation between S
and NX, where X is the computed solution.

RESULTS

All hybridization isotherm experiments were based on
pure full-length 28S rRNA-target sequence that was
hybridized for 4h, and then washed using standard strin-
gent washing procedures (see Materials and methods). The
reason for using full-length 18S RNA is that most of the
physical-chemistry-oriented ~ papers  dealing  with
microarrays try to predict hybridization thermodynamics
by taking into account secondary structure of probes and
targets, and the secondary structure is usually predicted
using mfold or some analogous program. We have
previously shown that there is no correlation between
mfold predictions and signal intensity (6). To eliminate
the potential problem of secondary structure predictions,
we used a molecule that has known secondary structure,
which was determined experimentally. We did not
fragment this molecule because fragmentation would
most likely cause secondary structure rearrangements.

Hybridization isotherms on low-density microarray
platforms

Isotherms were generated by hybridizing rRNA target to
microarrays at concentrations ranging from 0.15 to 6.83
nM. Both Erie and VWR microarrays contained 95
probes (20nt) that were spotted at concentrations
ranging from 6.25 to 50 uM. Therefore, hybridization iso-
therms were generated for the same probes spotted at dif-
ferent concentrations.

Figure 1 shows the hybridization isotherms obtained for
one of the 95 probes. The left and middle panels represent
the isotherms obtained using Erie microarrays, while the
right panel represents the isotherms obtained using VWR
microarrays. Different rows of panels in Figure 1 represent
distinct spotted probe concentrations. Note the difference
in the shape of the hybridization isotherms by microarray
platform. All probes on Erie microarrays followed a linear
hybridization model with high R (the lines look curved
due to the log scaling of the x-axis). Replication of this
experiment using a different batch of Erie microarrays
yielded similar results (i.e. compare the left panels to the
middle panels). The Pearson correlation (r) of the Ks for
the two Erie microarray experiments was r = 0.91,
indicating high concordance (n = 309 samples based on

Nucleic Acids Research, 2010, Vol. 38, No.5 28

95 probes x4 probe concentrations; ~18% were
excluded because the R*> was <0.85 for the linear regres-
sion between signal and target concentration). For VWR
microarrays, the isotherms closely followed the Langmuir
adsorption model with high R*. Comparison of the Ks for
the two different platforms revealed that the Ks for VWR
microarrays (average K = 0.33) were more than a 100-fold
smaller than those obtained for Erie microarrays (average
K = 58.9). The Ks of the probes on VWR microarrays
were not correlated to the Ks of the same probes on Erie
microarrays.

Figure 1 and Figure 2 show a general trend that
increased spotted probe concentration resulted in
increased values of K for Probe 596 on Erie microarrays.
This trend was consistent for all probes on Erie
microarrays (Figure 3, top and middle panels). Although
increased spotted probe concentration slightly decreased
K for VWR microarrays (Figure 2), the slope was close to
zero, suggesting that increased probe concentration does
not affect the signal for this probe. Similarly, the distribu-
tion of K values for all VWR probes did not change with
the increased probe concentration (Figure 3, lower panel),
which follows the Langmuir model. The probe concentra-
tion therefore affects the distribution and value of K on
Erie microarrays, but not VWR microarrays.

Consistent with other studies (e.g. (10)), the horizontal
asymptote (Py) of the hybridization isotherms for the
VWR microarray varied for different probes, as reflected
in the standard deviation of the mean (449.1 + 349.5
fluorophores/um?, n = 93 probes; the data were collapsed
by probe concentration). Clearly, some probes saturated
at lower than expected signal intensities.

The results demonstrate that the shapes of hybridiza-
tion isotherms are dependent on the platform and that the
concentration of the spotted probes affects the distribution
and value of K for Erie microarrays, but not VWR
microarrays.
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Figure 2. K versus spotted probe concentration for Probe 596. Open
circles, August experiment, Erie microarrays; Closed circles, April
experiment, Erie microarrays; Open squares, VWR microarrays.
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Figure 3. K versus spotted probe concentration for the pure rRNA
target and the same probes (7 = 95) but different microarray platforms.
Top and middle panels, replicated Erie microarrays; Bottom panel,
VWR microarray. Red line shows the general trend based on the mean.

Hybridization isotherms on high-density microarray
platforms

In light of the finding that hybridization isotherms are
dependent on microarray platform, we investigated the
isotherms produced on NimbleGen and CombiMatrix
microarrays using a random 70-mer DNA target that
had no secondary structure (see Supplementary material
for details). We chose this target because there has been
many studies published using rRNA and we wanted to
eliminate secondary structure effects.
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We found that the hybridization isotherms of all probes
on NimbleGen microarrays (n = 3420) closely followed a
Langmuir model with high R* (Table S1, left panel), while
those on CombiMatrix microarrays (n = 553) followed a
power-law with high R? (Table SI, right panel). These
results are consistent with the notion that the two plat-
forms yielded differently shaped hybridization isotherms
for the same probes and targets.

Nearest-neighbor model and Gibbs free energies by
microarray platform

The Ks of the probe hybridization isotherms were used to
determine the relationships with nearest-neighbor (NN)
counts and Gibbs free energies (AG®s). In theory, AG®s
obtained using the NN model (21,22) and Ks obtained
from the hybridization isotherms should be highly
correlated through the following equation:

0

K = ¢ &7, 2

>

&

where R is the universal gas constant and 7 is the absolute
temperature. According to Equation (3), a decrease in
AG® should result in an increase of K.

Pearson’s correlation analysis of AG® and K indicated
that these variables were not correlated for either plat-
forms (r < 0.05 for Eric and VWR microarrays). We also
calculated AG®, by first folding rRNA into its second-
ary structure and then calculating AG® for the reaction
involving partial rRNA unfolding and binding with the
probe (OligoWalk software). In this case, the highest
r=0.59 (probe concentration = 37.5 nM, n = 83), with
the average r for all probe concentrations of 0.28
(n = 1484). Therefore, solution-based AG° calculations
were not sufficient for determining the K of immobilized
probes.

To determine microarray-based AG°, we applied the
same approach used to make the original solution-based
NN model (21,22). Specifically, this involved counting
the NN for each probe and then attempting to establish
a relationship between NN counts and Ks using a
system of over-defined equations (see Materials and
methods).

The R? of the numeric solutions were not sufficiently
high to build an accurate microarray-based NN model
for either microarray platform (maximum R*~0.42)
(Table S1). We slightly improved the R* for Erie
microarrays by analyzing each probe concentration indi-
vidually, rather than examining all probe concentrations
at once, or incorporating probe concentration as an addi-
tional factor in the system of equations. For the two
replicated Erie microarray experiments, the R> of the
numeric solution improved from 0.36 and 0.42 (for all
probes) to 0.53 and 0.52, respectively, for those probes
spotted at 50 uM.

These results suggest that the microarray-specific NN
model does not sufficiently explain the variability in the
data and that other (yet to be defined) factors should be
considered to further improve the model, which is part of
our ongoing research.



PAGE 7 0F 16

Determination of fluorescent density of immobilized
probes at equilibrium

The purpose of treating the microarray with isopropanol
immediately after hybridization was to mechanically
remove hybridization solution in order to record probe
signal at equilibrium. Ethanol could have been used for
this purpose as well, but we chose isopropanol over
ethanol because preliminary experiments indicated that
ethanol resulted in a higher background signal than
isopropanol. All isopropanol/stringent washing experi-
ments were conducted on Erie microarrays.

Table 1 shows the distribution of fluorescent
densities for 96 perfect match (PM) probes that were
hybridized to rRNA target for 4h. At equilibrium, the
fluorescent densities widely varied as reflected by the
high standard deviations. Similar results were obtained
for repeated experiments (i.e. using another Erie
microarray; Table S2). Increased hybridization time
(4h versus 24h) did not change the distribution about
the mean (compare Table S2 to Table S3). These results
suggest that signal from probes hybridized to the same
target varied in fluorescent density even before stringent
washing.

In theory, probe signals at equilibrium should be
correlated to AG° (21,22). However, no correlation
could be established with solution-based AG°. These
findings reiterate the fact that solution-based AG® are
not sufficient for predicting signal of immobilized
probes. It should be noted that we also tried to build a
microarray-based NN model, similar to the one above. Of
the seven different probe concentrations considered, the
best linear regression was obtained for probes at 25uM
concentration (R>= 0.37; n = 215 probes). This low R’
value suggests that, even at equilibrium, our NN model
does not adequately explain the signal produced from a
single target hybridized to microarray probes.

Stringent wash on microarray probe signal

To monitor the change of probe signal as a result of strin-
gent washing, the fluorescent densities of the probes were
recorded at equilibrium, the microarrays were washed
with a stringent buffer and the probe fluorescent densities
were rerecorded. Visual inspection of the microarrays
revealed that more fluorescent debris was associated

Table 1. Distribution of fluorescence density (Fy, fluorophores/um?)
at equilibrium by probe concentration on Erie microarrays hybridized
for 4h. Same probes and target were used for each probe
concentration

Probe Number of
concentration (M) Mean Fy + SD probes
6.25 76 76 96

8.75 92 70 96

12.5 83 61 96

17.5 108 90 96

25 105 85 96

35 109 90 96

50 106 85 96
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with the microarray at equilibrium than after a stringent
wash (Figure 4). Stringent washing therefore dissolves
fluorescent debris on the microarray surface as well as
removes some of the loosely bound target. From this
observation, stringent washing might also remove bound
target due to the establishment of nonequilibrium
conditions.

To imitate actual hybridizations of biological samples,
we added nontarget sequences (i.e. tRNAs), which could
interfere with target—probe binding. The reason we chose
prokaryotic tRNAs as nontarget sequences rather than
other types of sequences (c.g. eukaryotic rRNAs or
tRNAs) was because the pure target was of eukaryotic
origin, and having both an eukaryotic target and
nontargets might impart a bias to the experimental
results. Although prokaryotic tRNAs differ in terms of
their nucleotide composition, they are uniform in terms
of their size (74-95 nucleotides). As our study will show
(below), the prokaryotic tRNA sequences were ideal for
investigating the interactions of immobilized probes with
nontarget sequences because the tRNAs did cross-
hybridize with probes, which is consistent with another
study that showed cross-hybridization of nontargets to
immobilized probes cannot be predicted (23).

Figure 5 is a composite of washing experiments; cach
panel in the composite represents a comparison of probe
signals recorded at equilibrium to those recorded after
stringent washing. Three variables were studied in our
experiments: (i) hybridization time (4h versus 24 h), (ii)
signals recorded before versus after stringent washing
and (iii) presence versus absence of nontargets. Table 2
is a summary of these experiments.

For pure rRNA target, hybridization time had a signif-
icant effect on the extent of signal intensity reduction after
stringent washing. Specifically, 51-54% of the target was
washed off the 4 h hybridized microarrays, while only 24—
34% of the target was washed off the 24h hybridized
microarrays. This finding suggests that increased hybrid-
ization time resulted in fewer targets washed off the
microarray.

For the mixture of rRNA and nontargets (tRNA),
hybridization time had a similar effect on a mixture for
the microarrays hybridized for 4h, with 49-56%.
However, no target was washed off the 24 h hybridized
microarrays. These findings are consistent with the
notion that increase<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>